A new theory of gravity called Eddington-inspired Born-Infeld (EiBI) gravity was recently proposed by Bañados and Ferreira. This theory leads to some exciting new features, such as free of cosmological singularities. In this paper, we first obtain a charged EiBI black hole solution with a nonvanishing cosmological constant when the electromagnetic field is included in. Then based on it, we study the strong gravitational lensing by the asymptotic flat charged EiBI black hole. The strong deflection limit coefficients and observables are shown to closely depend on the additional coupling parameter κ in the EiBI gravity. It is found that, compared with the corresponding charged black hole in general relativity, the positive coupling parameter κ will shrink the black hole horizon and photon sphere. Moreover, the coupling parameter will decrease the angular position and relative magnitudes of the relativistic images, while increase the angular separation, which may shine new light on testing such gravity theory in near future by the astronomical instruments.
solutions near the maximum density, it was found that [15] , for the positive EiBI parameter κ, the scalar modes are stable in the infinite wavelength limit (the wave vector k = 0) but unstable for k = 0. The vector modes are stable, while the tensor mode is unstable in the Eddington regime, independent of k. However, these modes are unstable and hence cause the instabilities for negative parameter κ [15] . In Ref. [17] , a general algorithm was proposed and developed to find the action for cosmological perturbations which rivals the conventional, gauge-invariant approach and can be applied to theories with more than one metric. And this method was applied to the the minimal EiBI theory, and the result shows that the tensor-to-scalar ratio of perturbations is unacceptably large. Moreover, many authors have looked at various aspects of this theory [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . And these works show that the new features closely depend on the coupling parameter, especially on the positive κ.
On the other hand, lensing in strong gravitational field is a powerful tool to test the nature of compact object. Comparing with the lensing in the weak gravitational field case, in the vicinity of a compact object, i.e., a black hole, the lensing will have a rich structure, and a strong field treatment of gravitational lensing was developed in [37, 38] based on the lens equation given in Refs. [39, 40] . Many study displayed that the property for such lensing is determined by the nature of the compact object. So lensing in strong gravitational field will provide us a possible way to test and distinguish different gravitational theories in the strong gravitational region. The results implied that with the astronomical observation in the near future, we are allowed to verify the alternative theories of gravity in the strong field regime [41] [42] [43] [44] [45] . The study has applied to different black hole solutions, and we refer the reader to Ref. [46] and references therein for a recent review.
It is the purpose of this paper to explore the nature of the black hole in EiBI gravity from the viewpoint of the strong gravitational lensing. At first, we construct a static spherically symmetric black hole with a cosmological constant when the electromagnetic field is included in. Then based on this black hole solution with vanishing cosmological constant, we study the lensing in the strong deflection limit by adopting Bozza's method. We find that the presence of the EiBI parameter κ with positive value will enlarge the black hole horizon and photon sphere. The strong deflection limit coefficients and observables are obtained.
The paper is structured as follows. In section II, by solving the equations of motion, we obtain a static, spherically symmetric black hole solution with nonvanishing cosmological constant. Next, we investigate the lensing by an asymptotically flat black hole in strong deflection limit in section III. The structure of photon sphere and strong deflection limit coefficients are got. In section IV, we suppose that the gravitational field of the supermassive black hole at the center of our Galaxy is described by the EiBI black hole and then obtain the numerical results for the main observables in the strong deflection limit. Finally, discussion of our results is undertaken.
II. FIELD EQUATIONS AND BLACK HOLE SOLUTION
In this section, we generalize the charged black hole solution obtained in Ref. [3] . The action for the EiBI theory is given by
where we set c = G = 1, R µν (Γ) denotes the symmetric part of the Ricci tensor built with the connection Γ, the dimensionless parameter λ = 1 + κΛ corresponds to cosmological constant, and S M (g, Φ) is the action of matter fields, which only couple to the metric. When the parameter κ ≪ g/R, this action reduces to the Einstein-Hilbert action with cosmological constant Λ. While when κ ≫ g/R, the Eddington's action will be obtained approximately. Therefore, the EiBI parameter κ with inverse dimension of cosmological constant bridges two different gravity theories. By varying the action (1) with respect to the metric field g and connection field Γ, we get the equations of motion for this gravity theory:
where q µν is the auxiliary metric compatible to the connection with Γ λ µν = 1 2 g λσ (q σµ,ν + q σν,µ − q µν,σ ). Without the matter fields, the action reduces to the Einstein-Hilbert one. So in order to find the new property of the EIBI theory, we add an electromagnetic field L M = − 1 16π F µν F µν for simple, for which the energy-momentum is given by
Then the EiBI gravity will deviate from GR. One of the interesting issues is to seek the black hole solution, which will provide a test of different gravity theory in strong gravitational fields. First, we assume a static spherically symmetric black hole metric,
In the absent of matter fields, the solution is required to be consistent with the Schwarzschild-de Sitter black hole at large r limit for positive Λ, i.e.,
The auxiliary metric q µν is assumed as
It corresponds to the spacetime metric (5) with relation (2). Here we only consider the electrostatic field with nonvanishing A 0 , while other components of the vector field vanish. Then from the Maxwell equation, one easily gets
where the electric field E = −∂ r A 0 . The solution of this equation is
Here C 0 is an unfixed constant. The nonvanishing components of the energy-momentum tensor read
Inserting these into the field equation (3), we have
Solving the first two equations, we obtain
It is now clear that the spacetime and auxiliary metrics are related with each other by Eqs. (15)- (17) . Moreover, the field equation (2) reduces to
From Eqs. (18) and (19), one has
Then the metric function ψ and electric field strength are
Requiring E → Q r 2 when r → ∞, the constants satisfy
From Eqs. (22) and (23), we have ψ = E C0 r 2 . When the electric field vanishes, we should have ψ = 1. So the constant C 0 measures the charge of the black hole, and we can set C 0 = Q and C 1 = √ λ. Solving Eq. (20) yields
Using Eq. (17), we get the metric function
At the large r limit and vanished Q, the metric function f (r) reads
Comparing with the expression (7), we can fix the constant C 2 as
Here we have obtained the solution of the charged black hole in EiBI gravity with nonvanishing Λ, which is rewritten as follows:
The integral in (26) has been calculated and the constant of integration is added and
(1−m sin 2 θ) −1/2 dθ with −π/2 < Φ < π/2 represents the first kind elliptic integral. The auxiliary metric can also be obtained from Eqs. (15)- (17) .
When the charge vanishes Q = 0, we will get the Schwarzschild-AdS black hole solution:
And taking the coupling parameter κ → 0, it will reduces to the RN-AdS/dS solution: ψ(r) = 1,
III. STRONG GRAVITATIONAL LENSING
In this section, we would like to study the effect of the EiBI parameter κ on the lensing in strong gravitational field.
Here we only consider an asymptotic flat black hole with λ = 1 (Λ = 0). Then the black hole solution reduces to
In the limit of r → ∞, we have
In the limit of r → √ κQ,
We give three 'scalar curvature'
from which we can see that both R[g] and R[q] are singular at the r = √ κQ, but R[g, q] is regular everywhere. For the small EiBI parameter κ, we show the behaviors of the metric functions ψ(r) and f (r) for different values of (κ, Q) with M = 1/2 in Fig. 1 . When Q = 0, we have ψ(r) = 1 and f (r) = 1 − 2M/r, which is exactly consistent with the Schwarzschild black hole as expected. While when the charge Q deviates from zero, the solution will be significantly different from the Schwarzschild one. One remarkable property is that the horizon structure of the charged EiBI black hole is different from the charged black hole in GR, but similar to the Schwarzschild black hole with one horizon. We show the black hole region in the parameter space marked with light gray color in Fig. 2 . It clear that black hole with small value of charge can have large κ. The radius r h of the horizon as a function of the EiBI parameter κ is plotted in Fig. 3(a) . When the charge Q is small, r h is almost the same for any value of the EiBI parameter κ. While when Q increases, it displays a monotone decreasing behavior which implies that κ shrinks the black hole horizon for fixed charge Q. And the horizon radius of the Schwarzschild black hole r h = 1 will be got with Q = 0. Moreover, for fixed κ, the horizon radius decreases with Q. Here it is worth noting that the similar asymptotically flat black hole solution was first obtained in Ref. [3] , where the metric function is expressed as an integral form.
Adopting the setup 2M = 1, the spacetime metric takes the form
with the metric functions given by
Then considering that a photon comes from infinity and returns to infinity, the deflection angle of the photon can be expressed as where r 0 denotes the closest distance that the photon can approach. The subscript "0" represents that the metric coefficients are evaluated at r 0 . When the parameter κ is fixed, α(r 0 ) monotonically decreases with r 0 . When r 0 approaches some certain points, the photon can complete one loop or more than one loop before reaching the observer located at infinity. When r 0 approaches the radius r ps of the photon sphere, the photon will surround the black hole all the time if there is no perturbation.
The equation determining the radius r ps of the photon sphere for a black hole is A ′ r = 2A, where a prime represents a derivative with respect to r. For the EiBI black hole, it takes the form
In general, the photon sphere for a static, spherically symmetric black hole is defined as the unstable circular orbit. According to it and after a brief check, the radius of the photon sphere is just the largest solution of Eq. (44) . When the charge Q vanishes, the solution reduces to r ps = 3/2, which is consistent with that of the Schwarzschild black hole. While for a nonvanishing Q, the equation cannot be analytically solved. We show the numerical results in Fig.  3(b) . The radius r ps of the photon sphere shares the similar behavior as r h , while has a larger value than it. From the figure, it is clear that both Q and κ shrinks the photon sphere. Thus the photon is more easily captured by the black hole with small Q and κ.
Next, let us consider the lensing that the photon passes very close the photon sphere. Following the method proposed by Bozza [37] , we define a variable
then the total azimuthal angle is expressed as
where
After a simple check, we find that R(z, r 0 ) is a regular function of z and r 0 , while K(z, r 0 ) diverges at z = 0. To deal with this problem, we split (46) into two parts, the divergent part I D (r 0 ) and regular part I R (r 0 ),
In order to find the order of divergence of the integrand, we perform a Taylor expansion of the argument inside the square root in K(z, r 0 ),
where the coefficients χ 1 (r 0 ) and χ 2 (r 0 ) cannot be shown in a compact form, and so we do not list them. However, one thing worth to note is that the coefficient χ 1 (r 0 ) vanishes at r 0 = r ps , which leads to a logarithmic divergence of the deflection angle (42) . Thus, the deflection angle can be expanded with a logarithmic term presented by Bozza [37] ,
The strong deflection limit coefficients a 1 and a 2 depend on the radius of the photon sphere,
a R = I R (r ps ).
In general, the coefficient a R can not be calculated analytically, but we can get it numerically. The minimum impact parameter is in the form
The coefficients a 1 , a 2 , and u ps are plotted in Fig. 4 . When the charge Q = 0 (described by the black solid lines), we have a When the nonvanishing charge Q is fixed, it is shown that the coefficient a 1 increases, while u ps decreases with the EiBI parameter κ. For fixed κ, a 1 increase while u ps decrease with the charge Q. The variation of the strong field limit coefficients a 2 is also a monotonic function of κ. It decreases quickly for larger Q. Figure 5 shows the deflection angle α(u) evaluated at u = u ps + 0.005. It indicates that κ increases α(u) for the light propagated in the charged EiBI black hole background. And charge Q will further increase α(u). It also implies that the presence κ and Q will give a larger α(u) than that of the Schwarzschild black hole, i.e., α(u) = 5.85. Therefore, comparing with those in the Schwarzschild black hole, we could extract the information about the size of the EiBI parameter κ by using the strong gravitational lensing.
On the other hand, the lens geometry is a key ingredient to investigate the black hole lensing, i.e., the positions and magnifications of the relativistic images. So it is necessary to give a brief introduction to the lens geometry. The lens configuration is assumed that the black hole lens is located between the light source and observer, and both of them are required to be far from the black hole, so that the gravitational fields there are very weak and the spacetime can be described by a flat metric. Optical axis for such lens configuration is defined as the line joining the observer and the lens. We denote the angular positions of the source (S) and the images (I), seen from the observer, as ̟ and θ. Then the lens equation is shown in the form [40] :
Here D OL , D LS and D OS correspond to the observer-lens, lens-source, and observer-source distances, respectively. Considering an idealized model that the source, lens, and observer are highly aligned, then the lens equation is simplified as
Based on the lens geometry, one gets u = D OL sin θ ∼ D OL θ. Thus the deflection angle (52) can be reexpressed as
Expanding (59) around α = 2nπ and solving θ, we obtain the position of the n-th relativistic images
where e n = e a 2 −2nπ a 1
. After substituting Eq. (58) into the above equation, the expression of the position reduces to 
After considering ups DOL ≪ 1, we get
It is clear that µ n ∼ e −n , so the first relativistic image is the brightest one. However, µ n ∼ ( ups DOL 2 , which implies the images are faint.
IV. OBSERVATIONAL GRAVITATIONAL LENSING PARAMETERS
The observables must be constructed in order to compare with astronomical observations. Here we follow Ref. [37] with the suppose that the outermost relativistic image θ 1 is resolved as a single image and the remaining ones are packed together at θ ∞ . Then there are three observables, θ ∞ denotes the positions of the relativistic images except the first one, s corresponds to the angular separation between the first image and other ones, andr is the ratio between the flux of the first image and the sum of the others. They are shown in the following forms
For a given theoretical model, the strong deflection limit coefficients a 1 and a 2 , and the minimum impact parameter u ps can be obtained. Then these three observables can be calculated. On the other hand, comparing them with astronomical observations, it will allow us to determine the nature of the black hole stored in the lensing. Next, for an example, we would like to numerically estimate the values of these observables of the gravitational lensing in the strong deflection limit. The lens is supposed to be the supermassive black hole located at the center of our Milk Way, and it is described by the EiBI black hole metric (5) with the metric functions given in (32)- (34) . The mass of the black hole is estimated to be M = 4.4 × 10 6 M ⊙ with M ⊙ the mass of the sun and its distance from us is around D OL = 8.5 kpc [47] . Then we can estimate the values of the coefficients and observables in strong gravitational lensing in the EiBI black hole spacetime.
In table I, we list the numerical values of the observables and the strong field limit coefficients for the Schwarzschild, charged RN, and EiBI black holes. Moreover, the behaviors of the observables are shown in Fig. 6 . From it, we find that with the increase of κ, the angular position of the relativistic images θ ∞ and relative magnitudes r m decrease. However, the angular separation s increases with κ for the fixed nonvanishing charge Q. For a fixed value of κ, θ ∞ and r m decrease with the charge Q, while s increases with it. Moreover, from table I, we find that, for the fixed charge Q, the relations θ
Sch m , and s Sch < s RN < s EiBI hold. Compared with the RN and Schwarzschild black holes, the charged EiBI black hole has small θ ∞ and r m , while has large s. It is illustrated in the table I that the observable θ ∞ of RN and Schwarzschild black holes is of 2 µarcsecs, and the EiBI black hole is of 4 µarcsecs from the Schwarzschild one. Although such difference could further increase with Q and κ, it is still too small to be tested with modern astronomical instruments [48, 49] . Thus distinguishing the EiBI black hole from a GR one may be a challenging task for the next generation of astronomical instruments in the near future.
As we know, it will be much accurate to determine the nature of the black hole through the lensing using more than one observable. Since the observables θ ∞ and r m are easily observed, we will introduce a possible way to do this by using them. In Fig. 7 , we plot the contour curves of constant θ ∞ and r m in the plane (Q, κ). So each point in the figure is characterized by four values, i.e., Q, κ, θ ∞ , and r m . By fixing θ ∞ and r m from observations, we are allowed to accurately read the charge Q and EiBI parameter κ of the black hole through Fig. 7 , where the contour curves of constant θ ∞ and r m intersect. Therefore this method could give an accurate test of the parameters of the black hole with combining two observables. Form the figure, we see that large κ and Q can be more accurate determined with θ ∞ and r m . holes, and the charged EiBI black holes supposed to describe the object at the center of our Galaxy. rm = 2.5 logr.
V. CONCLUSIONS
In this paper, we first obtained a charged EiBI black hole solution with a nonvanishing cosmological constant when the electromagnetic field is included in. The property of such black hole is qualitatively different from the charged RN black hole in GR. The EiBI parameter κ was found to shrink the black hole horizon and photon sphere with a monotone decreasing behavior. When the matter fields vanish, such solution reduces to the Schwarzschild black hole (see the black solid lines in Fig. 3) .
Based on the solution, we explored the lensing by a asymptotically flat black hole in the strong deflection limit. The result shows that the strong deflection limit coefficient a 1 increases, while a 2 and u ps decreases with the EiBI parameter κ for fixed charge Q. For a fixed impact parameter u ps , the deflection angle increases with κ. Following Ref. [37] , we got three observables, θ ∞ , s, andr m , which measure different properties of the relativistic images. With the increase of κ, θ ∞ andr m monotonously decrease, while s increases in the EiBI black hole spacetime. With the suppose that the supermassive black hole at our galaxy is described by the EiBI black hole, we found that the observable θ ∞ measuring the positions of the relativistic images is smaller than that of the Schwarzschild and RN black hole. For large κ, the observables has a large differences between the EiBI black hole and GR one. Therefore these results, in principle, may provide a possibility to test how an astronomical EiBI black hole deviates from a GR black hole in the future astronomical observations.
